Two new methods of parameter determination of non-radioactive removal of radioactive aerosols from the atmosphere by cloud systems are discussed in the present paper. Theoretical considerations of the processes of capturing radioactive aerosols by cloud droplets are still fraught with a number of restrictions. They can be partly accounted for not only by the complication of the problem under review but also by the lack of information on microphysical characteristics of cloud systems and processes operative in them. The drawback of the present investigation is the assumption of stationarity of the processes in a cloud but the first stage of the investigation did not enable us to omit this assumption.
Introduction
One of the main problems in the study of radioactive contamination or aerosol pollution in general is the investigation of self-cleansing atmospheric processes. One of the components of atmosphere self-cleansing is the removal of radioactive substances on the earth's surface.
It happens either by means of dry deposition of radioactive substances with dust or washout by clouds and precipitation (STYRA, 1959) . The main mechanism of the last two processes is the cloud and precipitation washout (STYRA, 1959;  MAKHONKO, 1964;  RENTSCHLER & SCHREI-BER, 1962). Results have been obtained not only for nuclear fission products but also for natural radioactive substances.
The removal of radioactive isotopes from the atmosphere occurs either by capturing of radioactive aerosols by falling droplets and snowflakes or by cloud sampling.
The investigation of the two available mechanisms has shown that the capture of radioactive aerosols by cloud elements forms the main part of the specific radioactivity of precipitation and it makes up about one order more than that fraction of radioactivity, which Tellus XVIII (1966), 2 is formed by droplet washout of aerosols from the air below the cloud layer (MAKHONKO, 1964;  STYRA, 1956; KAROL, 1963) . Hence, the investigation of the capture of radioactive aerosols by cloud droplets is of special urgency in the whole problem.
Since even small quantities of radioactive substances are easily detected they assume ever greater importance as tracers in the study of some problems related to cloud physics and precipitation. This problem acquires a double meaning: on one hand, it serves the practical purpose of studying mechanisms of removal of radioactive admixtures from the atmosphere; on the other hand, it reveals ever broader possibilities in making a close study of clouds and precipitation.
Experimental determination of the concentration of radioactive substances in the air of cloud systems provides us with ample opportunities in defining the parameter of non-radioactive removal of radioactive aerosols in the cloud (A) and the coagulation coefficient of radioactive particles with droplets ( K ) depending on this parameter. Some methods and results relating to these parameters will be discussed subsequently. 
T h e method measuring t h e concentration
of radioactive substances in cloud air
The previously used method of determining the radioactive concentration in the air of the free atmosphere and of cloud systems was reported in detail (STYRA et al., 1964 ; SHOPAUS-KAS, 1964).
Radioactivity sampling was carried during aircraft flights by sucking air through the cloth JI@C-1 or membrane filters. In those cases when it was desirable to determine the isotopic composition of radioactivity the cloth JI@C-1 with a thickness of 0.3-0.6 tmg/cm2 was used.
The air was sucked in through a sampler protruding 0.5 m from the craft's fuselage. A sampling pipe was bent a t a right side of the aircraft and ended in the direction opposite to that of the flight. While the cloud air was sucked into the sampler during the flight cloud droplets were deviated by the socket and did not fall on the filter located near the other end of the sampling tube in the craft's cabin. This sampling of air radioactivity while flying through clouds. Air radioactivity within clouds is defined here as the radioactivity of the air after removal of the cloud droplets.
To control the absence of droplets at the sampling site of a filter a mixture of erythrosin and talc rubbed into it was used. Being moistened the erythrosin was coloured bright red. During flights the filter of our installation never changed its colour. It guaranteed the liquid water content of filtered air, if any, to be less than 1 1 lo-' g/ma. Since we sounded clouds of the kind St, Sc and Cu having a considerable / simple apparatus permitted us to carry out the liquid water content and consisting of relatively large droplets we considered that we filtered droplet-free air and collected only small-size radioactive aerosols from it.
The collection time of one sample waa 6 minutes and about 1 m'STP cloud air was sucked through the filter during this time. The filtration was carried out by means of the vacuum cleaner system D-2-03-27v. I n our experiments the efficiency of filters was 70 %. This low value can be well attributed to the high sampling velocity of about 5 m/sec. However, a reduction of the sampling was considered inexpedient as it would have resulted in a sharp increase of filtration time and, therefore, in a considerable averaging in space. By further reducing the filter efficiency and increasing the sampling rate it was managed to localize sampling to an even greater degree.
After completion of sampling the filter was taken off and (in the same craft's cabin) put in contact with the nuclear photo emulsion A-2, sensitive to a-particles. After 20-hour photoexposure the plates were developed, their original thickness was restored by impregnation in glycerine solution (POTSIUS & NEDVETSKAITE, 1960) and they were examined by means of the microscope MELI-2.
Radioactivity was defined by the a-track concentration formed in the emulsion having been in contact with the filter. The isotope composition of a sample was determined only by air sucked through the filter JI@C-1 as alpha-absorption almost did not take place in it due to its small thickness (0.3-0.6 mg/cma). After measuring the length of the a-tracks the energy was evaluated (MeV) by a calibration curve of energy dependence of a-particles on the length of tracks in the emulsion (type A-2). Finally the energy distribution of the a-particles was plotted (Fig. 1) . As shown in the histogramme the greatest number of a-tracks is attributed to Po*14(RaC') since there are no a-emitters of other isotopes in this energy range. The small portion of a-tracks of about 6.0 MeV appears to belong to the Poz1* (RaA) .
Before every flight the plates were kept for some time in a solution of potassium ferricyanide and were subsequently washed thoroughly. This was done in order to remove the a-tracks of the background. Moreover, only surface a-tracks were measured and a blankplate waa used in all experiments together with PARAMETERS OF RADIOACI'IVE AEROSOL REMOVAL 643 the signal-plates. I n this way we were able t o reduce emulsion background up to 4-20 a-tracks/cm,. The number of signal a-tracks amounts usually to 70-400 a-tracks/cm*.
The theory of the experiment
Radioactive sampling was carried out by filtering and by putting filter in contact with the emulsion, to fix the a-tracks on it. The particles containing Po218 (RaA), Pbz" (RaB), Biz14 (RaC), Poa14 (RaC') and other isotopes (though in less quantity) including the longlived ones were sampled by air filtering. But only .tracks of RaA and RaC' were generally revealed under the given conditions of filtration and photoexposure.
Since RaC'(Poe14) has a half-life of 1.637 10-4 see, its atoms captured directly from the surrounding air have enough time to decay into PbZlo(RaD) during the contact period with the filter emulsion.
Thus, the tracks of RaC' discovered in the emulsion are formed as a result of the chain decay of RaA, RaB and RaC filtered from the air. Therefore, Poa18 atoms captured by the filter leave two a-tracks in the emulsion: firstly, decaying as the RaA atoms, secondly, as the RaC' atoms.
Let us calculate the atom numbers of Poz18 (RaA), Pba14(ReB) and Bi214(RaC) which will have accumulated on the filter at the completion of filtering. The following equation system has to be solved for this purpose:
The symbols 1, 2 and 3 correspond respectively to Po*ls(RaA), Pbal4 (RaB) and Bi214 (RaC). M;" is the atom number of the ith element accumulated on the filter during the time t , N , is the concentration of the ith nuclide in the air, E is the efficiency of filtering, f ie the air volume filtered per second. M: = 0 since radon does not deposit on the filter.
The integration of equations (1) if M;" = 0 at t = 0 results in the equation system: After the completion of sampling the filter is put in contact with the emulsion during the time t, only after this the registration of alphadecay begins. Therefore, at the beginning of the registration there is the following number of radioactive atoms of different isotopes on the filter:
The total number of a-tracks calculated in the emulsion can be expressed by the following sum:
This sum determines air radioactivity due to the nearest radon daughter products. Figure 2 in the denominator shows that only one side of the filter was put in contact with the emulsion. Substituting M n from formula (3) into equation (4) the following equation combining the number of a-tracks calculated in the emulsion with the concentration of the Pos18(RaA), Pb*14(RaB) and Bi214(RaC) atoms in the air can be received: 4. The processes are stationary. 5. Aerosol deposition on droplets is described by Smolukhovsky's formula:
where N is the radioactive concentration in a cloud, n is the concentration of droplets, and K is the coagulation constant.
The cloud is horisontally isotropic.
The concentration variation of any ith element of the radon chain under standard conditions can be described by the following differential equation for unit volume of air:
N o is the radon concentration in the air, I., is the radon decay constant.
It is known (JACOBI & ANDRE, 1963) that radioactive equilibrium between radon and its nearest decay products is disturbed near the earth's surface but is reached at some (comparatively small) height above the surface. This height depends upon turbulent exchange intensity and convective mixing processes in the atmosphere. At any rate for the cloud level the condition N i l i = const (10)
for radon and its three nearest decay products can be considered valid. Determining air radioactivity near the lower boundary of the cloud by the above-mentioned method equation (5) (taking into consideration condition (10)) can be written in the form:
The first term is the divergence of the ith element (taking into account condition 6), the second term is the radioactive decay, the third term is the number of atoms deposited on droplets and the last term gives the number of atoms prodused by the mother substance, 1, being the decay rate of radon and N o its concentration.
Applying equation (8) successively to the RaA, RaB and RaC atoms and assuming in the first approximation that radon concentration in the cloud does not vary with height (as shown later it is approximately justified) and supposing that near the lower boundary of the cloud radon is in radioactive equilibrium with its nearest decay products (SHOPAUSKAS, 1964) we can integrate this equation by height and deduce the formula for the N, distribution in the cloud:
While sounding a cloud a t an altitude z above its base we determine the concentration of the Po21*, Pba14 and Biz14 atoms described by equation (9). However, the calculations show that if z > 15-20 m (in practice sounding is always carried out a t some height above cloud base) all the terms except the last one of the system of equations (9) can be neglected. This is true for every available value of w, expressed by the Stock's law. Then equation (9) is transformed into the following system: Fig. 2 represents the curves of ratio P/Po calculated by formula (13) for different available K and n values. I n calculations t was taken equal t o 360 sec and t to 30 sec. The ratio of atracks registered by sampling in the cloud at an altitude exceeding 15 m above the base of the cloud to the analogus measurements made below the cloud boundary in the layer near the cloud's base enables us to determine A and K if n. is known.
I ,
The parameter of radioactive aerosol removal on droplets can also be determined if the number of u-tracks formed by Po218(RaA) and PoZir (RaC') is measured and if one makes use of the condition of so-called non-radioactive equilibrium.
I n cloud air radioactive isotopes are removed as a result of two processes: radioactive decay and coagulation of radioactive aerosols with Tellus XVIII (1966 
FIG. 2.
The graph of relative air radioactivity dependence in a cloud air on the coagulation coefficient (1, at n = 100 2, at n = 200 cm-,; 3, at n = 300 cm-').
droplets. The coagulation process can be expressed by equation (7b). The integration of this equation under the assumption that n is independent of t results in where K n = A is analogous to the radioactive decay conatant. A is a parameter which controls the radioactive aerosol removal rate.
The conditions of non-radioactive equilibrium can be written in the form:
It was assumed by writing these equation that A is independent of the nature of isotopes.
This assumption seems to be rather reasonable as different isotopes can be present on the same aerosols.
Solving equation ( where a, b, c and d are numerical coefficients which can be expressed by radioactive decay constants t and t.
Finally, solving equation (19) the removal parameter A can be determined and turns out to be A = 4 (1,s -(As + As)
The radical has the positive sign before it as A is physically positive value.
. The results of the experiment
A few series of cloud soundings have been carried out and profiles of radioactivity with altitude have been obtained by the abovementioned method. By passing the lower aircloud boundary air radioactivity reduces steeply but does not reach zero. I n cloud air radioactivity variations with height are small rtnd can often be attributed to errors in measurements. Therefore, it enables us to consider in the first approximation that radioactivity concentration is constant with height. The profiles of air radioactivity variation by intersecting clouds are illustrated in Fig. 3 .
The decrease of radioactivity concentration during the transport of air into the cloud to the constant value of radioactivity concentration in the cloud takes place in a thin layer. This decrease with height has been calculated by formula (9) and by taking into consideratlion the system of formula (3). The results of these calculations are plotted in Fig. 4 , from which we can conclude that not only the system of equations (9) as a whole but also the simplified formula (12) can also be used for determining the removal parameter A.
It follows from Fig. 4 that radioactive awosols entering the cloud coagulate with droplets in its lower layers. Natural radioactivity of higher cloud layers depends upon the radon concentration and does not vary with altitude if the radon concentration is constant with height but should decrease if the radon concentration decreases. Furthermore, radioactivity of cloud air is dependent upon the parameter A and decreases with its increase. is removed in general by radioactive decay whereas PbeX4 (RaB) and Bi214 (RaC) mainly by coagulation on droplets in clouds.
During a number of flights air was sucked in through the filters JIQC-1 for isotope composition determination of radioactivity. A histogramme of a-track distribution by energy is illustrated in Fig. 1 . The large column to the right represents a-tracks left by Po214 and the small peak to the left those of Po218. Due to the smaller number the error in the determina- 3 2 * 10-6 3.10-6 3.10-6 3.10-6 8 . 10-6 2 * 10-6 2 * 10-6 2 * 10-6 2.10-6
Tellus XVIII (1966), 2 ( M , + c M , ) / ( M , + M 3 ) changes from 101.4 to 114.0 % which enables us to take the value 107 % in our calculations and to increase by using formula (20) the experimental value M , + M , by 7 %. Furthermore, this value corresponds to the increase of M , f c M , a t the average value A obtained by the first method.
Consequently, the determination of A by the second method is fraught with a lot of errors whereas the accuracy of radioactivity determination by a-tracks number (it was used in the first method) is rather good and the radiometric error does not exceed 8-10 %.
On the basis of data obtained during the flights the average value M , / ( M , +cM,) was calculated and the constant of non-radioactive removal of radioactive aerosols from cloud air was determined by formulas (20) and (21); this constant proved to be equal to 2.7.10-8 sec-'. It is approximately 2-4 times higher than the values obtained by the first method and it can be partly accounted for by inaccuracies in the isotope composition determination of air radioactivity.
